Selective photocatalytic oxidation of 1-phenyl ethanol to acetophenone using titanium dioxide (TiO 2 ) raw and doped with Fe or V, prepared by flame aerosol deposition method, was investigated. The effects of metal doping on crystal phase and morphology of the synthesized nanostructured TiO 2 were analyzed using XRD, TEM, Raman spectroscopy, and BET nitrogen adsorbed surface area measurement. The increase in the concentration of V and Fe reduced the crystalline structure and the anatase-to-rutile ratios of the synthesized TiO 2 . Synthesized TiO 2 became fine amorphous powder as the Fe and V concentrations were increased to 3 and 5%, respectively. Doping V and Fe to TiO 2 synthesized by the flame aerosol increased photocatalytic activity by 6 folds and 2.5 folds, respectively, compared to that of pure TiO 2 . It was found that an optimal doping concentration for Fe and V were 0.5% and 3%, respectively. The type and concentration of the metal dopants and the method used to add the dopant to the TiO 2 are critical parameters for enhancing the activity of the resulting photocatalyst. The effects of solvents on the photocatalytic reaction were also investigated by using both water and acetonitrile as the reaction medium.
Introduction
Titanium dioxide (TiO 2 ) is a photocatalyst that is used for various applications; such as wastewater and air treatments, virus disinfection and water splitting due to its low cost and its high activity and stability under irradiation. However, TiO 2 has a large band gap energy (3.2 eV) that prohibits the use of visible light to activate it and requires UV light of wavelength ranging 320∼400 nm to generate electronhole pairs. Searching for semiconductors that absorbs large portion of solar spectrum reaching the earth has been intensified. Recently, there has been increasing interest in doping TiO 2 with transition metal or nonmetal species, such as nitrogen and sulfur, to narrow or shift the band gap in order to activate the catalyst using visible light [1] [2] [3] [4] [5] [6] . Doping metals in TiO 2 matrix could increase the photocatalytic performance of TiO 2 with irradiation both UV and visible light because of better conducting characteristics. Metal doping can also change the physical properties, such as lifetime of electron-hole pair and adsorption characteristics. Various transition metals have been used as doping materials [7] [8] [9] [10] [11] , and many systems have been tested for potential commercial applications [1, 6] as well as improving photocatalyst activity of TiO 2 in visible light range [12] [13] [14] [15] [16] [17] [18] .
However, the effects of metal doping on catalytic properties of the TiO 2 are not conclusive. There are also no general guidelines to be followed in the selection of metal species or the methods of photocatalyst preparation that would result in improved activity. Although doping with transition metals at low concentrations has positive effects on the photocatalytic activity of TiO 2 [19, 20] , some dopants have shown adverse effects [1, 21] . There is a progressive shift of the light absorption threshold toward the visible light range when increasing amounts of cations M +n (M: Cr, V, Fe, Co), but no improvement of the photoactivity of the system was observed [22] . Metal doping of TiO 2 with Cr 3+ and Mo 5+ 2 Journal of Nanotechnology ions have shown to narrow the band gap of TiO 2 , change other physical properties such as the lifetime of electron-hole pairs and adsorption characteristics of the catalyst [23] . The presence of doping species either on the surface or in the lattice and the method how the metal species is deposited or combined with the TiO 2 are critical to photocatalytic activity. Doping metal species in the matrix has been suggested to create a hole-trap or an electron-hole recombination center rather than an electron trap. Dvoranová et al. [24] suggested that transition metals should be coated mainly on the surface of the photocatalyst to form an electron trap and hence promote photocatalysis, although their results are inconclusive. The difference in results could be derived from differences in preparation methods, synthesis conditions, and position of doped species on the surface or in the crystal lattice structure of TiO 2 [25] . Overload metal species on TiO 2 promote either phase change [26] or recombination of the electron-holes by dramatically changing conductivity of materials [27] , becoming detrimental to the photocatalytic activity. Therefore, optimal dopant concentration is usually reported for the best photocatalyst performance [27] [28] [29] [30] [31] [32] .
Flame aerosol synthesis of nanoparticles have been used for large-scale manufacturing of ceramic powders such as pigmentary TiO 2 , fumed silica, and alumina [33] . Advances in this field has allowed the production of more complex products with high functionality including molecular doping of small quantities of materials in the preparation of ceramic materials [34] . The technology has been used to produce highly active nanostructured coatings with closely controlled morphology and composition [33, 35, 36] . Flame synthesis technology could be a more effective way to make versatile and low cost nanostructured materials, such as carbon nano-tubes [37] . This study aims to synthesize metal-doped nanostructured catalysts using the flame aerosol technology and test the effect of doping on photo-activities of the resulted nanostructured catalysts. In this study photocatalytic performance of Fe or V doped TiO 2 synthesized using flame aerosol process in addition to further characteristics are presented. Iron was chosen because of its low toxicity and the wide availability of data as a doping material. Studies indicated that V is one of the promising doping materials [34, 38, 39] , therefore it is a good choice as a doping material.
Selective catalytic oxidation of alcohols to carbonyls is one of the most important chemical transformations in chemical industry. Acetophenone is the simplest aromatic ketone with a melting point of 20
• C and has low water solubility. It is an important intermediate in chemical and pharmaceutical industries. It is used for fragrance in soaps and perfumes, as a flavoring agent in food, and as a solvent for plastics and resins. In addition, it is used as a polymerization catalyst for the manufacture of olefins, as an intermediate for pharmaceuticals, agrochemicals, and other organic compounds as well as a drug to induce sleep.
Commercial acetophenone production involves FriedelCrafts acylation of benzene with acetic anhydride or acetyl chloride. Friedel-Craft alkylation is commonly condensed using homogeneous acid catalysts such as aluminum chloride at more than stoichiometric amounts with acetyl chloride as the acylating agent. This process may create pollution problems related to the disposal of the catalyst and treatment of acidic effluent. It can be also obtained by air oxidation of ethyl benzene, as a by-product of cumene or from acrylonitrile.
Dehydrogenation of secondary alcohol is usually carried out using chromic acid or sulfuric acid with potassium dichromate. However, in the current work, a simple process was developed based on the utilization of heterogeneous catalysts to produce acetophenone by photocatalytic oxidation of 1-phenylethanol. The photooxidation process is cleaner than the conventional synthetic method since the reaction by-product is water, and the photocatalyst can be easily recycled back to the reaction system. The oxidation of 1-Phenylethanol was selected as a probe molecule for this study. There are studies that have shown that the preparation methods of meta-doped TiO 2 can be critical in promoting the photoactivity [40] . 2 using Flame Aerosol Methods. Schematic diagram of the flame aerosol synthesis system for preparing the pure and vanadium doped-TiO 2 is shown in Figure 1(a) . The system consists of a diffusion burner, an atomizer for generating aerosol from the titanium (IV) Isopropoxide (TTIP) (97% Aldrich Chemical) a precursor for TiO 2 , a water-cooled stainless steel plate for collecting the products. Mass flow controllers were used to adjust the flow rates of methane, oxygen, and air. The organic form of the vanadium, vanadium (V) oxy-tripropoxide (98%, Aldrich Chemical), was easily dissolved in TTIP in the atomizer at preset ratios. The mixture of precursors flowed to the flame through the center port of the diffusion burner. Methane and oxygen were fed through the second and outer ports, respectively. Schematic diagram of the flame aerosol reactor system for preparing iron-doped titanium dioxide is shown in Figure 1(b) . A solution of Fe(NO 3 ) 3 was used as the iron source since it is more stable and less volatile than Fe carbonyl. Varying concentrations of the iron nitrate water solution were used to obtain desired amounts of Fe doping. Water was removed from the flow via diffusion dryer before aerosols reach the flame reactor to avoid quenching and allow better control of the flame temperature that may result in forming big clump in the transport tube. Earlier experiments indicated that in the case of Fe doping the stream bearing precursor material has to flow through the out port of the burner to generate higher anatase-to-rutile ratio in the TiO 2 . The TiO 2 precursor and oxygen were introduced through the center port of the burner and methane flowed through the middle annular tube. The precursor oxidized in the flame and metal-doped TiO 2 was deposited on a water-cooled stainless steel plate placed above the flame and controlled by an automatic rotating frame support. The flame temperatures were controlled by adjusting the gas flow rates and controlling the fuel-to-air ratios. The quench temperature profile was adjusted by controlling the rotating speed and the cooling water flow rate into the cooling plate. The quenching temperature affected the particle size and the morphology of the TiO 2 particles. The position of the cooling plate above the flame determined the reaction time of the TiO 2 precursor in the flame, which is a critical parameter to determine the primary particle size and the characteristics of the flamesynthesized TiO 2 . A large number of preliminary tests, XRD, and Raman spectroscopy measurements were conducted to determine suitable operation conditions that afforded for desired crystalline structure, form, particle size, and doping concentrations of TiO 2 . The typical experiment conditions for the flame aerosol synthesis process are shown in Table 1 .
Experimental

Materials and Preparation of Metal-Doped TiO
Characterization of the Synthesized
Samples. X-ray diffraction pattern of powder samples of metal-doped TiO 2 were characterized by XRD (Rigaku D-2000) for recording and for determining the crystal structure. Transmission Electron Microscopy (TEM) (Philips, PW6060) was used to determine the surface morphology and particle size of the doped catalysts. The BET surface area was measured by AutoChem 2920 (Micromeritics, Atlanta, GA). Bulk doping concentrations of the metal species in the synthesized photocatalysts were determined by inductively coupled plasma (ICP) emission spectroscopy (Perkin Elmer Optima 3300 DV).
Photocatalytic Reaction.
Photocatalytic activities of neat, vanadium, or Fe-doped TiO 2 were evaluated using oxidation of a probe molecule, 1-phenylethanol to acetophenone in two different solvents. All experiments employed the same light source. The reactions were performed in a 20 mL microbatch reactor equipped with Pen-Ray 5.5 Watts UV lamp (TM UVP, Inc. San Gabriel, CA). The irradiance at the reactor surface was 15 mW/cm 2 as measured with a photometer (International Light Inc. model IL 1400A). The schematic diagram of the microreactor system is shown in Figure 2 . Neat and doped TiO 2 (0.05 g/L) were suspended in the microreactor that contained 20 mL reaction medium with substrate concentration at 20 ppm. Water or acetonitrile were used as the reaction medium to study the effect of solvents. The mixture was well stirred during the reaction process using a magnetic stirrer. The UV lamp was place at the center of the reactor, and oxygen was supplied for the oxidation. Since adsorbed oxygen served as a trap for the photogenerated conduction band electron in many heterogeneous photocatalytic reactions [41] , solvents were saturated with O 2 prior to the reaction study. The reactions were conducted at room temperature and at atmospheric pressure. Control studies were made to measure the photocatalytic activity of neat flame synthesized anatase phase TiO 2 and commercially available TiO 2 from Degussa (P25). Liquid samples were collected through the reactor sample port at selected time intervals, and the mixtures were analyzed using a Hewlett-Packard 6890 gas chromatograph with a low-bleed HP-5MS (30 m × 0.25 mm × 0.25 mm) column and a split/splitless injector. A mass selective detector equipped with a quadrapole mass filter (Hewlett-Packard 5973) was used for detection of the samples. Quantification of the oxygenated products was obtained using a multipoint calibration curve for each product. 2 . The Xray diffraction patterns for neat TiO 2 samples and for Fedoped TiO 2 with different Fe concentrations are shown in Figure 3 . The primary crystalline structure of the pure TiO 2 was the anatase phase. As the doped Fe concentration increased, the anatase TiO 2 phase fraction decreased, reaching almost amorphous structure and losing its catalytic activity as the Fe concentration exceeded 2% in atom ratio. Similar XRD patterns were observed when the vanadium concentrations of the doped TiO 2 increased beyond 4 wt%. However, the concentrations of vanadium can reach as much high as 5% wt. before major changes in the crystal structure was detected. Other researchers have observed that niobium and vanadium stabilize the anatase crystalline form of TiO 2 [27, 42] . No diffraction peaks originating from V 2 O 5 crystallite were detected from the vanadium dispersed on the TiO 2 , which could be due to the presence of vanadyl groups (V 4+ ) or polymeric vanadates (V 5+ ). A previous study [26] has shown that the increase in the doped metal ion concentrations interferes in flame synthesis of TiO 2 converting some of the anatase phase to rutile, and finally it became amorphous. The Raman spectrum for the neat and Fe-doped TiO 2 are shown in Figure 4 . A well-resolved Raman peak is seen at 153 cm −1 , and three broader features are found in the highfrequency region located at around 415, 515, and 630 cm −1 . In spite of their lower intensity and broader line width, all the Raman features observed in the spectra are close to those in the bulk anatase phase. The Raman spectra of the nanophase TiO 2 after different amounts of Fe were doped is shown in Figure 4 . One significant observation of these spectra is the reduced intensity of the lowest-frequency Eg mode with increased amounts of Fe and a shift in peak position of the 153 cm −1 , indicating the decrease in the crystalline quality of the TiO 2 . Therefore, the result confirms XRD data that the neat TiO 2 possesses higher degree of long-range order of anatase phase. However, with increase in Fe concentration the peak intensity attenuated gradually, and the weak overlapped broader peaks in the high-frequency region indicate that the short-range order is poor and optical phonons may decay as imperfect sites. Table 2 summarizes surface area changes for different doping concentrations of flamesynthesized Fe-doped TiO 2 . As the doped Fe concentrations increased, the particles gradually lost crystalline structure and the products surface area increased. The surface area of vanadium-doped TiO 2 also increased with increase in the amount of doping, shown in Table 3 . Comparison of TEM images of pure TiO 2 , and V-or Fe-doped TiO 2 suggested that the doped metal ions to be present on the top layers of the TiO 2 particles shown as Figure 5 . Ranjit and Viswanathan [31] have reported that the solid solution of TiO 2 with doping materials in the top few layers of the surface promote the photocatalytic activity of the catalyst. Shah et al. [43] confirmed that photocatalytic efficiency of TiO 2 can be enhanced by homogeneous doping of Nd 3+ , Pd 2+ , and Pt 4+ , but Fe 3+ doping resulted in little or no improvements. TEM images show that when the doping concentration is not relatively high, both of the Fe-and V-doped TiO 2 have similar spherical shapes and uniform particle sizes ranging from 10 to 50 nm. As the doping concentration increases the TiO 2 particle sizes become smaller, more agglomerated, and resulting in larger surface areas and change of crystallinity.
Results and Discussion
Structural Characteristics of Metal-Doped TiO
Photocatalytic Oxidation of Aromatic Alcohol.
In this study, the photocatalytic conversion oxidation of 1-phenlyethanol to acetophenone was tested using undoped TiO 2 prepared by flame aerosol method and from Degussa, Fe-and V-doped TiO 2 . Gas phase oxidation of 1-phenyl ethanol produced multiple products such as benzaldehyde, styrene, toluene, and acetophenone; however, in liquid phase acetophenone was the main product observed [44] . Therefore, the yield of acetophenone that is acetophenone produced/1-phenyl-ethanol consumed is more than 95%. The initial reaction of photocatalytic oxidation 1-phenylethanol takes place on the surface of TiO 2 , where the primary hole reaches the surface and interacts with the surface hydroxyl groups followed by an electron transfer to the hole to form species like OH · and ≡ TiO · [45] . These species react via a mediated pathway. At high alcohol Journal of Nanotechnology concentration, which is the case, there could also be a direct interaction of the surface hole with the hydroxyl group of the alcohol [46] . In addition, alcohols may undergo dehydration on the catalyst surface during photocatalytic oxidation reaction [47, 48] . The initial photooxidation step here may be the interaction of a surface hole with the hydroxyl group of the alcohol forming a metal-oxo species with the removal of a proton (Scheme 2) [45] . This proton removal step becomes easier with increased carbon chain branching as well as with increased carbon chain length, because of the increased availability of adjacent removable protons. The higher the number of adjacent hydrogen atoms present, the easier is the removal and the greater would be the conversion. It was observed that presence of a benzene ring enhanced the conversion. The linking of phenyl rings of 1-phenlethanol to the TiO 2 surface via a π-OH interaction, an inhibition effect may be produced, preventing phenyl group migration; the formation of phenyl ethanol hydroperoxide species, which may give acetophenone and water. This can be attributed to the electron-deficient nature of the benzene ring, which results in a reduced electron density at oxygen-hydrogen bond, thereby making the proton abstraction relatively easier. In gas phase processes, styrene has been formed from 1-phenylethanol due to the photocatalytic-induced dehydration of the alcohol [41] .
Photooxidation of cumene to acetophenone in acetonitrile has been reported [49] , where IR and XPS analysis of cumene adsorption on TiO 2 have shown that an interaction of the benzene ring with surface OH groups takes place without appreciable dehydration or dehydroxylation of the surface. Acetophenone and CO 2 were the only reaction products detected, and the reaction proceeds with the intermediate of a hydroperoxide.
Influence of Doping Concentration.
Photocatalytic oxidation of 1-phenlethnol over raw nano-phase TiO 2 in aqueous medium (pH = 6.4) after 3 hours of run gave only 4% conversion. No significant difference in photoactivity was observed between the TiO 2 prepared using flame aerosol method and the Degussa (P25). Reaction using both V and Fe-doped TiO 2 gave higher conversions than the reaction with neat TiO 2 . Other studies have shown that metal-doped TiO 2 have faster electron-hole recombination rate than the raw neat TiO 2 including those doping on TiO 2 surface by impregnation method [50] . The yield of acetophenone formed as a function of the amount of Fe-and V-doped on the TiO 2 are shown in Figures 7 and 8 , respectively. For both of Fe-and V-doped TiO 2 there were doping concentrations that gave optimal yields of acetophenone at the reaction time of 3 hours (Figures 7 and 8) . The optimal doping amount for Fe is about 0.6% wt, and 15% yield of acetophenone, whereas the optimal concentration for V-doped TiO 2 of about 3 wt% gave 40% yield of acetophenone. Increasing or decreasing the metal-doping concentration lowered the catalyst activity. Vanadium doping greatly improved the photoactivity compared to those of pure or Fe-doped TiO 2 . Previous studies indicated that the formation of the photoactive complex by Fe 3+ with organics play a key role in promoting photocatalytic reaction. Increasing Fe 2+ of nanoTiO 2 attenuate the photocatalytic activity [51] .
One of the possible reasons for the optimal doping concentration is the competing effects between the recombination rate of the electron and hole pairs on the catalyst surface, and the hole capture rate by the substrate. At low metal concentrations, the metal ions do not affect the bulk electronic structure of the semiconductor and its electronhole generation and separation capacity. As a result, the photoactivity slowly increases with doped metal concentration. At excess metal concentration, the metal ions may sharply increase the conductivity of the resulted materials and the recombination rate of the photogenerated electronhole pairs. Further increase of the doping concentration did not favor enhanced activity. It has been previously observed that incorporating cations of valence higher than that of the parent cation, such as W 6+ , Ta 5+ , and Nb 5+ , into the crystal matrix of TiO 2 resulted in enhanced rates of water cleavage while the opposite is observed upon doping with cations of lower valence, such as In 3+ , Zn 2+ , and Li + [52] . The change in the photocatalytic activity is found to be dependent on the concentration and valence of the doping cations. Those results are explained in terms of alteration of the bulk electronic structure of the semiconductor, which influences its electron-hole generation and separation capacity under illumination. Studies have also indicated problems concerning the stability of Fe-TiO 2 photocatalysts [53] . One major cause of a decrease in activity was photocorrosion leading to loss of Fe from the doped material
competing with the activation of oxygen
With increased doping concentrations of both Fe and V, the crystal structure and the morphology of catalyst have changed, and the size of catalyst particles decreased. As particle size decreased, the total catalyst surface area increased and the photogenerated electron density on the surface of each particle increased. This could have enhanced the photocatalytic reaction. However, with increase in the density of the electron-hole pairs, the possibility of the recombination of the electrons and holes also increases, which could be one of the reason that there is an optimal particles size that allowed highest conversion for the photocatalytic reaction. Doping of metal ions in TiO 2 can alter its bulk electronic structure, which influences its electron-hole generation and separation capacity under light illumination. Compared to Fe-doped samples, higher concentrations of vanadium were doped to the TiO 2 while maintaining the anatase crystal structure. On the other hand, V-doped photocatalyst has shown higher photocatalytic activity compared to Fe-doped and neat TiO 2 samples. One of the possible reasons for the significant difference in the photocatalytic activity in the TiO 2 doped with the two metals is that iron has larger electric conductivity than vanadium. Higher amounts of Fe allowed easier recombination of the electrons and holes which resulted in deleterious effects on the photoactivity of the doped TiO 2 . Vanadium has lower conductivity than iron therefore its concentration could be higher in the doped TiO 2 and with little change in the catalytic materials' conductivity. Higher valence of V 5+ could also help the photoactivity of the resulted catalyst [52] .
Solvent Effect.
The reaction in acetonitrile gave higher conversions than in water. The effects of using either water or acetonitrile as solvents on photocatalytic oxidation of 1-phenylethanol studied are shown in Figures 7 and 8 . For Vdoped TiO 2 , the increase in conversion of 1-phenylethanol with dopant concentration was 5 to 6 times higher in acetonitrile compared to the reaction in aqueous medium. Acetonitrile afforded much higher conversions compared to that in an aqueous medium because of the higher solubility of 1-phenyethanol in acetonitrile limiting the availability of the reactants in water leading to the low reaction rate [54] . The lower activity of the photocatalyst in water could also be attributable to the hydrophobic nature of TiO 2 limiting the adsorption of 1-phenyethanol. Water molecules cover most of the titanium dioxide slurry surface due to their polarity, and the available surface for 1-phenylethanol directly interacts with the catalyst becoming less and the diffusion resistance is increased for both of the reactant and products. Selective adsorption of reactants on the TiO 2 surface was found to account for differences in product selectivity [55] . Solvents such as chloroform strongly inhibit the photooxidation process due to the fact that it could compete with the hydrocarbon for oxidation and with O 2 for reduction. Differences in reaction rates and chemoselectivity of products was also observed when aqueous medium was compared to those of organic solvents [56] . Solvent effects have been attributed to the stabilization of cation radicals intermediates. A highly efficient photocatalytic process of linear olefins epoxidation by molecular oxygen, using TiO 2 suspensions, has been reported [57] . The yield (epoxide produced/olefin consumed) increased with a decrease of chain length and in solvents with high donor number as follows: hexane < nitromethane < acetonitrile < butyronitrile. This effect may well be able to also be explained by a process that is mediated by the solvent hydroperoxides.
As the reaction time increased from three to six hours, the yield of oxidation product increased 25% using Fe-doped TiO 2 and 40% for V-doped TiO 2 . The yield for the vanadium doped catalyst system has higher conversion rate than the iron-doped catalyst system for the longer reaction time. This confirms the experimental data, as vanadium-doped TiO 2 has higher activity.
Conclusion
The effects of metal doping on flame synthesized nanostructured TiO 2 have been studied in order to extend its response to illumination with visible light. A flame aerosol codeposition method was used for the preparation of Vand Fe-doped TiO 2 . Partial oxidation of 1-phenylethano-to acetophenone was used as a probe reaction to study photocatalytic activity. The type and concentration of dopant have strong influence in improving or inhibiting photocatalytic activity partial photooxidation. Although Fe-and V-doped TiO 2 did not show enhanced response to visible light, there are improvements in photoactivity of doped catalyst. The photocatalytic activity of V and Fe-TiO 2 materials depends markedly on the doping level. Relatively high amounts of iron (5 wt% in Fe 3+ ) and vanadium (6 wt% in V 5+ ) had adverse effect on the activity of TiO 2 for 1-phenylethanol oxidation. However, positive effects are observed with a lower Fe 3+ concentration (0.5 wt%) and V 5+ concentrations Journal of Nanotechnology (3 wt%), where the conversion of 1-phenylethanol increased by 2.5 and 6 folds, respectively, compared to undoped TiO 2 .
With the increase of the metal doping amount, the crystallinity of titanium dioxide decreased and the ratio of anatase-to-rutile in the product decreased. As the doping concentration increased, the resulting product from the flame process became amorphous fine powders, and the crystal patterns could not be detected by XRD, and Raman spectroscopy. These changes in physical properties of the TiO 2 resulted in unique adsorption properties of organic substrates and allowed controlling the photocatalytic properties of the catalyst. Vanadium-doped TiO 2 showed higher activity than that of iron-doped TiO 2 . An optimal doping concentration existed for both of the doping species in the applied photocatalytic reaction systems. The optimum doping concentration also depended on the type of solvent used for the photocatalytic reaction. The possible reasons for the optimal doping concentration have also been discussed. For the studied system, the one using acetonitrile as solvent has much higher conversions compared to the system using water as solvent.
